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Section 1

INTRODUCT ION

For the past eight years under sponsorship of the Naval Air Systems

Command (NASC), Calspan Corporation in cooperation with the Naval Postgraduate

School (NPS), the Naval Research laboratory (NRI) , and the Naval Avionics

Center (NAC) has been conducting an investigation of the evolutionary processes

and physical properties of marine fog and marine boundary-layer aerosols.

During the first four years, attention was focused on determination of the

formation mechanisms and physical and cheriical characteristics of marine fogs

occurring off the coasts of California and Nova Scotia. For the pas: three

years, the scope of Calspan's effort was expandcd to include investigat ion of

evolutionary processes which control compositional and physical characteristics

of marine boundary layer aerosols. Results of these efforts are summarized in

References 1-16.

This year, under Contract No. N00019-80-C-0248 from NASC, Calspan

continued its contribution to the Navy's Marine Fog Investigation with a

program involving two separate tasks and renewed emphasis on marine fog. Task I

involved investigation of potential fog forecasting concepts by examining and

interpreting, in terms of larger scale meteorolo,.,ical processes, micro- and

meso-scale marine fog data acquired by Calspan on previous West Coast field

studies. As Task 2, Calspan conducted a descriptive investigation of the

characteristics of marine fog occurring in the northern Gulf of Mexico through

analysis and interpretation of fog data previously acquired by Calspan during

the Panama City 11 experiment.

The objective of the Task I effort was to review, analyze and otherwise

interpret synoptic scale data for West Coast fog episodes in which Calspan pre-

viously acquired micro- and mesoscale information (see Appendix A). Farlier

analyses of these micro- and mesoscale data resulted in descriptive,

phenomenological models of a number of previously unidentified marine fog types

and the elucidation of the importance of such factors as mesoscale convergence

patterns, warm water patches, the height and strength of the marine inversion

III II I iI IIkii I



and radiation in the development of marine fog. Under Task 1, we

attempted to link this new knowledge of mesoscale fog characteristics to

synoptic scale variables available to the operational forecaster. Detailed

discussion of the results of this effort is provided in Section 3 and summarized

in Section 2. An experimental "decision tree" for use in the forecasting of

marine fog is also provided in Section 2.

Under a previous NASC contract (No. N00019-79-C-0186), Calspan in

collaboration with NAC, the Naval Coastal Systems Center (NCSC) and the

Coastal Studies Institute participated in a study aboard NCSC's offshore

platform, Stage I, located %20 km southwest of Panama City, Florida. The

field effort, dubbed Panama City I, was conducted during a four-week period

in November-December 1978 to obtain data describing marine fog and marine

boundary layer characteristics in the northern Gulf of Mexico. Aerosol and

meteorological data obtained during the Panama City II experiment were reduced

and provided in a "data volume" (Ref. 13) under Contract N00163-79-C-0049 from

NAC. Aerosol data were partially analyzed under ONR Jontract No. N00014-79-C-

0033 and summarized in a formal paper (Ref. 16) and a contractor report (Ref.

17). However, fog data could not be analyzed within the scope of the previous

contracts. As Task 2 under the current contract, data from the fog episodes

of the Panama City II experiment were analyzed and interpreted to provide

descriptions of fog characteristics and of the circumstances of fog occurrence

in coastal Gulf waters. Results of these analyses are presented in Section 4.

2



Section 2

SUMMARY OF THE METEOROLOGY 01 MARINE FOG

OCCURRENCE ALONG THE CALIFORNIA COAST

Fog along the California coast occurs in the surface marine layer,

and, given a variety of trigger mechanisms, its occurrence is primarily depen-

dent on the height, fluctuations and strength of the inversion which caps the

marine layer. Study of synoptic sequences and associated fog episodes has shown

that fluctuations in the height of the marine inversion over periods of days are

generally caused by evolution and movement of both large and small scale

synoptic disturbances. It is the vertical motion in these disturbances which

controls the height of the inversion. Superimposed on these vertical motions

are downslope motions along the coast and the influences of convergence-induced

vertical motions such as have been documented in the vicinity of prominent

points along the coast and over warm water patches.

(limatologicaliy, the summer surface pattern along the California

coast shows a northwesterly flow produced between the subtropical high over

the ocean and the thermal low over the land. Frequently, within the north-

westerly flow, a stratts deck exists which is topped by an inversion separating

the cool marine layer from the warmer air aloft. When the inversion base

lowers to below .00 m, fog forms at night by a lowering of the stratus base

as net long wave radiation from tile cloud deck cools the marine laver. When

the inversion rises above .400 m, fog is un] ikelv" because the radi ative heat

loss cannot supply stufficiCnt cooling for the thicker layer. At times, the

inversion may be below the lifTing cOMdensat ion level , prevent in., formation of

stratus lowering fog, but allowing, radiat ion fog in coaistzil areas and radiative

cooling of low-level fog patches triggered over sta surface temperatire gradients.

While we have not stud i ed tile pheolnnetI qmm:mt i t:lt ivelv , there

is evidence to suggest that the strength of the a rine i\'ersniota Aso plays a

role in the occurrence of marine fog. RladiOsOnldt' data indicate that transport

of heat and moisture across the inversion occurs to :i greater extent with less

intense inversions and strongi heLatin, from bel,,',. 1'111 0 cse studies suggest that,

on some occasions, this phenlTomelon prevented t he formation of stratis- lmering

fog by reducing the net eff'(,ct of radi atio ol cooling on the marinm lav'r, i.e..

warm, (try air was Inixed downi,,ird into the mniriime laver.
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While fog occurs in the surface marine layer, the inversion's vertical

movements which govern fog occurrence are controlled by flow patterns in the

layer up to 1500 m. These flow patterns are manifestations of (1) slowly-moving

long-wave systems, (2) large-scale synoptic systems whose driving forces operate

at mid-atmospheric levels, and (3) small-scale synoptic systems concentrated in

the 500-1500 m layer.

When a long wave trough is located near the coast, southwesterly

flow and upward vertical motion occur ahead of the trough. The upward vertical

motion, both in the marine layer and the warn air aloft, raise the inversion to

heights of 1000 m and greater. After the trough moves out and the subtropical

high with its northwesterly flow becomes reestablished, the inversion lowers

in the downward motion accompanying the high pressure cell. This relationship

can be recognized in the early statistical work of Petterssen (1938) which

showed that with southwest winds the inversion was above 400 m and with north-

west winds the inversion was below 400 m.

In addition to the slowly changing long wave flow pattern, both

large-scale and small-scale synoptic disturbances frequently raise and lower

the inversion height and, through these movements, control fog occurrence. As

an example of large-scale synoptic disturbances, the subtropical high frequently

builds onto the continent and produces northeasterly flow in the 500-1500 m layer.

With the mountain ranges along the west coast oriented approximately north to

south, this flow produces downslope motion which drives both the warm air and

the inversion downward to very low levels. Occasionally, the inversion and

warm air come to the surface as far westward as the coastline but not far out

to sea; this more frequently occurring summer condition is in contrast to the

Santa Ana conditions in Fall through Spring when the warm air may move out over

the ocean. Although during the summertime the marine layer is still present

at sea, an area extending some distance out from the coast is stratus-free as

the inversion is forced below the lifting condensation level (LCL) of the

marine layer.
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The response of the surface pressure pattern to the ridging aloft is

a weakening but not a disappearance of the thermal low. Consequently, in the

summer months the onshore flow weakens but does not reverse so that north-

westerly winds continue to exist in the marine layer near the coast. The

coastal region wind regime then is driven by the sea breeze circulation with

weak onshore flow during the day and offshore flow at night. In this flow

pattern, the marine air comes onshore during the day but without the presence

of stratus; stratus does not form as the sun sets, and no fog is produced by

stratus lowering. However, with a thin, moist layer near the ground surface

and very dry conditions aloft, the stage is set for strong radiative cooling

and the formation of coastal radiation fog. River valleys are particularly

favored sites for this fog type and observations show that as the land breeze

sets in during the night, fog is advected out over coastal waters generally to

the extent of the land breeze.

Farther to sea when the marine inversion is below the LCL, local

surface-based inversions are sometimes established when open-ocean marine

air passes over cold water patches emanating from coastal upwelling. Fog

patches can then be stimulated by subsequent passage of the cooled surface air

over warmer water. The instability created by the warm water stimulates mixing

to produce the initial condensation. Radiation from these shallow fog patches

establishes the local inve,-sion at fog top and further promotes local low-level

instabilities, thereby producing a well-mixed laYer and enhancing exchange of

heat and moisture between the air and sea. The combined results of these

phenomena are cooling (by radiation) of the lowest layer of air, a transfer of

this secondary inversion from the surface to a slightly elevated level, the

addition of moisture to the air mass, and near-adiabatic lapse conditions

beneath the local low-level inversion. These processes thereby accelerate

conditioning of the air mass, priming it for more persistent fog formation

farther downwind, so that a fog street develops. Gradually, radiation from

sequential fog patches raises the local inversion permanently off the surface.

Farther downwind, these processes raise the secondary inversion to heights near

that of the primary inversion and, in concert with a cessation of the north-

easterly downslope winds, help to raise the marine inversion.

S1
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At +'. same time, as the synoptic pattern evolves so that the north-

easterly winds and downward motions aloft cease, the inversion need only rise

several tens of meters to above the LCL and a stratus deck forms; the thermal

low becomes reestablished and the sea breeze circulation is only superposed

on the basic northwesterly flow. With the northwesterly flow persisting

during the night and with the marine layer being thin, long periods of

extremely low visibility in fog can occur. Similar conditions of low inver-

sion height (not to the surface) exist when weak northeasterly flow occurs

in the 500-1500 m layer. Long periods of low visibility in fog also occur

under these conditions.

In addition to the patterns of a long wave trough and a large-scale

synoptic ridge, there is a realm of small-scale synoptic systems which occur

in the 500-1500 m layer. Between occurrences of the large-scale regimes, the

500-1500 m layer is meteorologically active; highs and lows form and dissipate

in, as well as move through, the coastal region. These small-scale systems

can produce similar easterly flow, inversion height behavior and fog occurrelnce

as the large-scale high pressure systems do, but over smaller areas. Likewise,

small-scale lows can disrupt inversion behavior and fog occurrence patterns

established by an existing large-scale ridge. Because of the horizontal scale

of the smaller systems, fog occurrence and intensity vary more widely along

the coast than they do with the large-scale systems.

Small-scale systems are not always accompanied by easterly flow along

the coast, and fog occurrence and intensity is then related to inversion height

movement caused by dynamic vertical motion alone. This downward motion is weak

and the inversion is less likely to go to lower levels, in particuzlar to the

surface. Under these conditions, the inversion base is in the 11)0-400 m range

with fog of the stratus lowering type frequently occurring.

In summary, the key factors in the occurrence of marine fog, par-

ticularly along the west coast of the U~nited States, include (1) the open-ocean

marine layer which is modified in its lowest layers by cold upwelling water

along the coast, (2) adjacent patches of warm and cold water in the upwelling

zone, (3) the movement and location of the semi-permanent subtropical high.

6



and (4) the coastal mountain range. These elements combine to produce a

shallow marine layer, capped by a strong inversion whose height is controlled

by a balance between dynamic vertical motions aloft in the layer up to 1500 m

and the thermodynamic processes within the surface marine layer. Superimposed

on this general situation are the influences of downslope motion, the land/sea

breeze cycle, low-level convergence patterns, the height of the lifting conden-

sation level and radiation from condensed liquid water and coastal land surfaces.

Further, dense fog seldom exceeds 400 m in total thickness; therefore, fog will

not exist at a point which is more than 400 m below the base of the marine inver-

sion unless a secondary surface-based inversion is first established.

Forecasting the occurrence of marine fog along the West Coast, there-

fore, requires advance knowledge of and the ability to forecast the (1)

height of the marine inversion, (2) surface-850 mb synoptic and sub-synoptic

systems (and by implication, the wind field in the layer up to 1500 m) and

their impact on the height and strength of the inversion, (3) the height of

the lifting condensation level relative to that of the inversion, (4) the

potential for influence of downslope motion, the land/sea-breeze cycle and

convergence patterns on inversion height, and (5) the potential for long-wave

radiation from either condensed liquid water or coastal land surfaces. In

the operational forecasting of marine fog, the primary questions which must

be asked and answered are as follows:

1. Is the boundary-layer wind field such that the forecast

area is in the marine stratum?

2. Will the height of the inversion be above or below 400m

over the forecast area?

3. Will an inversion based near the threshold height be

intense enough to prevent mixing across the inversion?

4. Will the lifting condensation level be below the

inversion?

5. -Will middle and high altitude clouds prevent radiative

cooling in the boundary layer?

6. Are there warm water patches upwind of the forecast area?

7



A routine designed to provide marine fog forecasts, utilizing currently

available meteorological observations and forecast material to provide answers

to the foregoing questions is summarized in the experimental "decision tree"

presented below. The proposed "decision tree," yet to be tested in the fore-

casting of marine fog, is based on the assemblage of knowledge, developed by

Navy-supported field studies in the 1970's, of the physics and meteorology of

marine fog. No statistical base relating 850 mb patterns to fog occurrence and

visibility exists. In our analyses, we have madc use of the 850 mb surface

because it is a routinely available chart; however, our study suggests

that the 900 mb surface may be of greater utility. Further study is required

(1) to develop the required statistical base, (2) to determine the ability to
adequately predict the required parameters, (3) to determine the utility of an

%900 mb surface, and (4) to produce new information which will fill the gaps

in our knowledge of inversion behavior, heat and moisture flux across the inver-

sion, fog morphology, fog persistence, etc. The ultimate marine fog forecast

scheme must incorporate these factors and utilize numerical techniques to

provide predictions of controlling parameters and processes.

The factors outlined above and incorporated in the marine-fog-forecast

decision tree probably apply generally to the west coasts of most continents.

The decision tree should be tested in forecast centers responsible for those

areas. With some exceptions and within the context of the inversion height

limitations suggested in the decision tree, the forecast concepts delineated

herein probably apply to fog in other marine environs and should be tested

for these situations as well.
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Section 3

TECIINI CAL DISCUSSION

This section presents the results of our investigation of the relation-

ship between atmospheric disturbances and inversion height fluctuations and the

relation of fog occurrence and morphology to inversion height along the California

coast. Our investigation consisted of detailed study of marine fog episodes

encountered by Calspan personnel while on field programs (from 1971-1978) under

previous. contracts, primarily from the Navy but also from the Air Force and the

National Aeronautics and Space Administration. Fog episodes included both fog

encounters by the R/V Acania (listed in Appendix A) as well as fog reported by

land-based stations. Within the text of this section, specific case studies

are discussed to demonstrate these relationships.

For each fog episode, twice daily radiosondes were obtained for

San Diego, Vandenberg AFB, Oakland, and Medford. Hourly observ\'tions

for 33 land stations (including most 24-hour stations in California) were also

obtained for each episode. Finally, 3-hourly surface maps and twice-daily upper

air charts at the standard levels were acquired on microfilm. h'lese data Wert,

supplemented by observations acquired by Calspan personnel onboard the Acania

and radiosondes taken at the Naval Postgraduate School in Monterey, CA, and

onboard the Acania. These cases were studied and reported on by Cialspan in ils

previous reports and publications tinder Navy contract (Ref. 1-3, 9, 12, 1-1) and

a report, each, under Air Force (Ref. 18) and NASA (Ref. 19) Contract. The

general areas and dates of these field studies are sketched on the chart pre-ent,.d

in Figure 1.

Each case study is presented as an example of fog morphololgy ;nd iner

sion height value related to a specific synoptic situation as depicte.l on the

850 mb chart. The 850 mb level is used becaut-e it is the standard level nearest

the layer ( ZO0-1500 m) whose circulation governs the inversion height mokcmerit- s

which impact on the occurrence of fog. Wo' did not have available the verticaI

motion fields accompanying the individual synoptic disturbances. However,

vertical motion fields have been published for case studies of 'various kinds

of synoptic disturbances. Synoptic meteorology experience based onit thte fields

10
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and the vertical motion fields which are computed twice daily by numerical

forecast models were used to assign the direction and qualitative strength to

the vertical motions which are used in the following discussions.

Much mention will be made in the ensuing discussion of downslope

motion and its role in lowering the inversion. Along a large portion of the

California coast, the land rises to 500-1000 m within a few ten's of kilometers

of the coast. Except north of Los Angeles, these mountain ranges run NNW-SSE

so that winds from the northeasterly quadrant are downslope toward the coast

and produce downward motion. For each fog episode, the winds from surface to

1500 m were plotted from the radiosonde observations. In all cases in which

the inversion was between 100 m and sea level, northeasterly flow was present

at the levels which would produce downslope motion.

Synoptically, the combination of northeasterly flow and very low

inversion heights frequently accompanies high pressure systems at 850 mb. It

appears that the superposition of downslope motion on the dynamic downward

motion of the high pressure system produces total downward motion strong

enough to drive the inversion to very low levels and occasionally to the

surface. Analysis of wind soundings for all the fog episodes shows that with

a wind direction which can produce downslope motion, the inversion height

qualitatively behaves consistently with a superposition of the two types of

vertical motion.

The superposition is most strikingly demonstrated for small-scale

high pressure systems when the wind is downslope at VAN but not at OAK. Under

these conditions, the inversion height at VAN will be lower than at OAK.

Similar variations in inversion height related to downslope motion occur with

low pressure systems. In this case, the downslopc motion may balance or even

overcome the dynamic upward motion, and lead to an inversion height below 400 m

and possibly fog in an otherwise general situation of high inversion [above

400 ml and no fog.

12
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3.1 Inversion Time Series for July 1972

San Diego

As an introduction to our detailed technical discussion, consider the

inversion height fluctuations for July 1972. Figure 2 shows the time series of

inversion height at San Diego using the 1200 GMT observations. Inversion

height exhibits a diurnal variation primarily due to the sea breeze circulation;

including this small amplitude variation by also presenting 00 GMT observations

would only mask the large amplitude, long wavelength variations in inversion

height which are related to synoptic disturbances. Note that the ground surface

for the San Diego radiosonde is at 125 m (msl).

The month began with a low pressure system located off the coast of

California (Figure 3a). With weak upward motion, the inversion was in the

500-700 m range. During the 3rd-Sth, a small-scale high cell moved north-

northwestward along the coast to southwest of San Diego (Figure 3W). The down-

ward motion associated with this high cell lowered the inversion to 200 m

(4th-Sth). During the next ten days, there was a slow evolution to large-

scale cyclonic circulation and the inversion climbed to above the 600 m

level on the 16th (Figure 4c).

During the 18th-22nd, a long-wave trough was located off the West

Coast with cyclonic circulation in the low levels (Figure -1d). Correspondingly,

with deep upward motion, the inversion rose to high levels, reaching 1200 m on

the 20th. The long-wave trough was replaced by a short-wave trough on the

23rd-25th. With weak cyclonic flow at 850 mh (Figure Sa), the inversion dropped

down to near 400 m. The short-wave trough moved out and a series of small-scile ,1

highs were present near San Diego from the 27th-3Oth (Figure 5b-Sd). The

dynamic downward motion augmented by downslope motion drove the inversion down

to (at and near) the surface during these four days.

The minimum visibility for each day is plotted across the bottom of

Figure 2. A comparison between the minimum visibilities and the inversion

height reflects the general relationship between inversion height and fog.

The highest visibilities of 12 mi occor with the highest inversion heights

13
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(20th to 21st) and the lowest visibilities on the 6th and 7th occur with

heights below 400 m. There is also a tendency for visibilities in the 3-S mi

range to occur with inversions in the 400-500 m level (9th-l4th, 23rd and 24th).

The visibility behavior for the month of July 1972 for San Diego is

summarized in the following table:

Table 1

Minimum Surface Visibilities as a Function of 1200 GMT

Inversion Height Above the Surface at San Diego, July 1972

Minimum Visibility (mi) 1 2 3 4 5 6 7 12
Days with:

Inversion above 400 m 2 1 3 1 4 3

Inversion below 400 m 1 1 2 5 3 5

Of the 14 days with inversion above 400 m, there were no days with visibility

below 3 mni. Seven days had a visibility of 7 mi or greater; three of these

days had a minimum visibility of 12 mi. Of the 17 days with inversion below

400 m, the minimum visibilities were all at 7 mi or lower with the two lowest

visibilities of the month (at 1 and 2 mi) occurring in this data group.

For the inversion below 400 m, 13 of the days fell within the S-7 mi

visibility range. Examination of the radiosonde data for these days shows .1

tendency for the dewpoint which is characteristic of the marine layer to

extend somewhat above the inversion base. This feature suggests exchange of

moisture and heat through the inversion which could prevent fog formation from

the stratus lowering process. This type of situation requires further investi-

gation, perhaps through Deardorff's exchange model, to determine the role of

transfer across the inversion in fog occurrence.

18



Vandenberg and Oakland

In the previous subsection, we investigated the inversion height

behavior as a function of atmospheric disturbances for San Diego (SAN) , the

southernmost U.S. station along the coast. Now consider inversion behavior

for Jul v 11)72 at Vandenberg (VAN) and Oakland ().AK) , stations which are

prog ress ivelY farther north along the coast. The inversion time series for

these tto stations are shown in Figure 0 with the same format as before; the

dashed curve represents Oakland's data. F-or Oab.land, the surface observation

is at sea level whereas at Vandenberg it is at 1i0 m. At the bottom of the

figure, minimum visihilitV data are shown for VAN and Monterey (MTUY).

Comparison of the San liego inversions with those at VAN and OAK

shows that when a long-wave feature contr)ls the inversion height (18th to 22nd)

the inversion height along the coastal region behaves similarly'; in this case,

the heights rise to around 1200 m. However, when smaller scale sYstems control

the inversion height, two of the stations may be in phase, as OAK and VAN on

13th and 14th and 27th to 29th, and VAN and SAN on 4th and 5th. Additional

insight into how synoptic disturbances affect the height of the inversion can

be gained from a brief discussion of the OAK and VAN time series.

On the 1st, both OAK and VAN were in tr msition from anticyclonic

to cyclonic circulation with inversions in the 209-300 m range (Figure 5a),

Both inversions then rose in response to a low pressure center off the coast

(Figure 3b). Oakland's inversion staved at 700 m, (4th to 0th) as the low

weakened but remained near OAK. During this same period, VAN's inversion

height was in phase with San Diego's, but the inversion did not descend as

low at VAN as at San Diego since VAN was in the transition zone betieen the

high and low (Figure 3c).

On the 8th, this inversion lowered t,) 1(10 m (ibove sea 1 level) at

VAN while at OAK it only lowered to 200 m. These two stations were under the

influence of a high located between the two stations (figure 3d). The inver-

sion lowered at OAK in response to the dynamic downwoird motion associated with

the high which produced westerly flow at OAK .ini northemterlv flow at VAN

between 150 m and the inversion base. At VAN, the inv('rion was forced lower

because of the; additional effect of the downslopc mnotioni associated with the

easterly flow.

1I 9
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On the 10th, the inversion lowered to 100 m at VAN while it remained

near 400 m at OAK. No small-scale high pressure system was detected at 850 mb

(Figure 4a). However, the winds at VAN were easterly in the layer 300-1000 m

while they were westerly at OAK. Thus, downslope motion from easterly winds

produced by the flow pattern below 850 mb was responsible for tle localized

lowering of the inversion at VAN.

On the 13-14th, the inversion lowered to the surface (sea level) at

OAK and the surface (100 m) at VAN. Easterly flow existed at both stations

on these days in response to the large high pressure ridge extending NE-SW

across Oregon and Washington (Figure 4b) . This ridge was the 850 mh response

to long wave anticyclogenesis which took place throughout the troposphere.

At 850 mb south of the ridge, a low existed east of San Diego. Thus, San

Diego's inversion (Figure 2) was near 400 m while farther north in the easterly

flow, the inversion was at or very near the surface.

The inversion at OAK and VAN then rose to above 1200 m on the 20th

in response to the long wave trough already mentioned (Figure 4d). With the

short wave trough (Figure 5a) that followed, the inversion was in the 500-700 m

range (23rd-26th).

On the 27th, both inversions drop about 400 i to 300 m, then drop

farther to 200 m on the 28th, recovering on the 29th to near 400 in. Between

the 26th and the 27th, a weak ridge built onshore over northern California

producing a shift from westerly to northerly and north-northeasterly flow

over the central California coast (Figure 51). The ridging and the downslope

low appeared south of VAN (Figure 5c) and the wind shifted to northeasterly

and increased in speed, thus increasing the downslope motion and driving the

inversion down to 200 m. Such a strong downslope would drive the inversion

to the ground in anticyclonic conditions; apparently in the cyclonic flow,

the downward motion from downslope was counteracted by weak upward motion and

the inversion did not descend to the ground.
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On the 29th to 31st, the mesoscale low moved north of OAK (Figure

Sd) and the stations were back in the onshore flow and weak upward motion

associated with the low pressure system. TY inversion rose to 400-600 m,

with the higher value at OAK which was nearer the low center where the upward

motion was probably stronger.

The foregoing discussion shows how the inversion height varies with

synoptic situations spanning the spectrum from long wave systems down through

both large and small scale systems. There is a qualitative correlation between

scale of atmospheric system and inversion height. For low pressure systems, the

long wave trough produces inversions of 1000 m and higher, short wave troughs

and synoptic scale lows have inversions in the SOO-800 m range, and the smaller

scale synoptic lows are associated with inversions around 400 m. For high

pressure systems, the small scale high has inversions in the 200-400 m range. The

inversion height related to high pressure associated with a long wave anti-

cyclonegenesis is difficult to determine since these situations are accompanied

by northeasterly flow and downslope motion which drives the inversion to the

surface.

These relationships of inversion height to scale of atmospheric

disturbance are not based on a thorough statistical study but they can serve

as guidelines for fog forecasting until a more complete statistical study is

carried out.

The individual synoptic cases for July 1972 will be discussed in

detail in the subsequent section. Before proceeding to those discussions,

an overview of fog morphology as :l function of inversion height along the

central California coast is presented.

The daily minimum visibility at Vandenberg (elevation 100 in) is

presented across the bottom of Figure 6. A couple of features of the VAN

observations stemming from the 100 ))) height of the observation station noed

to be pointed out. First, in a stcatus lowering fog, an inversion height

above sea level of 500 m is required for the inversion base to be 400 m

above the surface. Secondly, when the inversion is at the surface at 100 m,

it may not have descended to sea level and the marine layer may be present

from sea level to 100 m.
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On only eight days was the minimum visibility at or above 7 miles,

and on seven of these days the inversion was above 500 m (msl). Of the 19

days when the minimum visibility was below 1 mile, 16 of them had an inversion

height less than 400 m above the ground. On two of the other three days

(25 and 26 July) the inversion was just a few 10's of meters above 500 m

(msl) and the visibility was below 1 mile for less than 2 hours, occurring

during the few hours before sunrise. These two fogs were cases of stratus

lowering when the stratus base just managed to lower to the surface at the

end of the night because the marine layer was just slightly thicker than

400 m. Thus the 400 m threshhold for fog occurrence held true for VAN for

this time series.

Table 2 shows minimum visibility versus inversion height above the

ground for the days with visibility below one mile. Approximately 75% of the

1/8 mi visibilities occur with an inversion height of 200 m or less. Both

cases with visibility greater than 1/2 mile occur with an inversion above

300 m. A minimum visibility of 1/4 mile shows a tendency for the intermediate

inversion heights.

An interesting Feature of fog morphology is the length of time during

a fog episode that the visibility remains at various values as a function of

inversion height. Table 3 shows the percentage of hours that the visibility

was at the indicated value as a function of inversion height for Vandenberg

for July 1972. Note the tendency for most hours of low visibility to occur

with low inversion height: for 0 height, all hours are - 1/4 mi and for

100-200 m, 89% of the hours are < 1/4 mi. With the higher inversions, the

majority of fog hours shifts to higher visibility values.

From the standpoint of stratus lowerin.i, process, this tendency makes

sense. With the lower inversion, cooling can bring the stratus base to the

ground more quickly in the late afternoon. With respect to the observed lower

visibilities, at least three processes may contribute to this condition:

I) increased liquid water from the ridiational cooling

now operating on a shallower layer;
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2) evaporation of fewer of the small drops in turbulent

downdrafts because of the shorter travel distance

between drop generation at cloud top and the surface;

3) presence of higher concentrations of condensation nuclei

in the easterly continental winds at fog top.

These factors require further investigation and a larger data sample than is

currently available.

Table 2

Minimum Visibility vs. Inversion Height (Visibility <1 mi)

Vandenberg, July 1972

Min. Visby. (mi)
Inversion Height
Above Ground 1/8 1/4 5/8-7/8 Ohs

0 2 2

100 3 3

200 2 2 4

300 4 1 1 6

400 1 1

Ohs 11 4 2 17

Table 3

Percentage of flours at Indicated Visibility when Xisibibitv I mi

Vandenberg, July 19'2

Visibil ity IIi les)

Inversion Height 1/8 1/4 1/2 3/4 Total lours

0 67 33 32

100-200 50 39 l1 7

200-300 13 10 3 10 20

300-400 33 67 3
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Monterey is the next station along the coast north of VAN and south

of OAK, and its fog behavior versus inversion height was also investigated.

Only the minimum visibilities below 6 miles for Monterey are shown in Figure 6.

Because of the noncoincidence in space between the surface visibility measure-

ment and the inversion height measurements, only a qualitative discussion of

Monterey's fog morphology is presented. The lowest visibilities occurred on

the 27th and 28th and 12th and 15th when the inversion at both stations was at

200-300 meters.

Making the assumption that fog behavior on the 29-31st at Monterey

was related to the Oakland inversion height (an assumption which is supported

by the synoptic situation which suggests both OAK and MTY are under the

influence of the same synoptic system, Figures 4b and 4c), then the gradual

increase in visibility (1, 3 and then 5 mi) qualitatively relates to the

increase in inversion height (450, 500 and 600 m). A similar sequence of

visibility vs inversion height can be seen at Monterey on the 16th and 17th.

This relationship, in this case cf stratus cloud,, is consistent with a recent

Calspan study for the Army (Rogers and lanley, 1980) which demonstrated the

reasons for increasing visibility with distance from the stratus base in the

haze beneath a stratus cloud. Applying this result to visibility beneath

stratus clouds which do not lower to the surface (inversion above 400 m), we

would expect that the visibility would be directly related to the height of

the inversion.

3.2 Examples of Fog and Inversion Behavior for Various Types of
Synoptic Systems

In these discussions, we will describe chanies in the flow in the

layer surface-to-1500 m, with emphasis on the layvcr 500-1500 m. As described

in the summary, the surface pattern only responds, and then only very slightly,

to the pattern changes which occur at levels immediately above the surface.

Changes of the 850 mb flow are a good representation of the changes in the

levels below 850 mb particularly with large-scale synoptic systems. However,

with some of the small-scale systems, the changes are better defined in the

layer below 850 mb. In those cases, reference will be made to the time

sequence of vertical profiles of wind at radiosonde stations.
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Long Wave Anticyclogensis Producing Easterly Flow in 500-1500 m Layer

Figure 7 shows 1200 GMT (0500 PDT) 850 mb charts for 3 and 13 July

1972. The pattern on the 3rd is representative of a large-scale trough and

shows low pressure off the coast with southerly winds at OAK and VAN. The

layer down to the surface also has southerly winds. The base of the inversion

was in the 600-700 m range and minimum visibilities along the coast from

Vandenberg to San Francisco were 7 mi* or greater. Stratus was present during

the nighttime hours, but the lowest base was observed at ,275 m. Surface flow

was westerly with wind speed increasing during the day and decreasing at night

due to the superposed sea breeze circulation. This is a typical scenario for

a large-scale trough with the marine layer too thick for the base of the stratus

cloud to propagate to the surface during the night to produce fog.

The flow pattern on 13 July is representative of semi-permanent high

pressure circulation aloft. At 850 nib, an east-west high pressure ridge

extends onshore over northern California with northeasterly flow over the

coastal region from Vandenberg to San Francisco. At Vandenberg, the winds

have a large easterly component from 850 mb (1500 m) all the way down to

300 m (msl).

The Vandenberg AFB sounding site is based at 100 m, thus, the

temperature structure in the lowest 100 m in unknown. The radiosonde data

indicate that the inversion is down to very near 100 m. At this time, Calspan

was participating in a field study of fog in the Vandenberg area for the Air

Force. The observation site was 10 km southwe;t of VAN and %I km inland at an

elevation of 85 m. Our data showed that the mjrine layer extended up to 140 m

with fog and stratus cloud from 85-140 m. In this case, the downslope motion

was not able to drive the inversion down to sea level or below the lifting

condensation level in the marine layer. Thus, we have the situation of a

shallow marine layer with a stratus deck; the resulting fog is longlasting

with very low visibilities.

In reference to visibility, winds and temperature, E7nglish units are used

throughout the text of this section to facilitate comparison with NOAA WBAN

data and charts.
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At Vandenberg AF13, the visibility io the n i.t of 12-13 July was

below 1/2 mile for 13 consecut ive hours and :,t 1 18 mi le for II of those hours.

At 85 m-msl, Ca span instrumentati in mcasured mininu,,m visibilities of the

order of 800-900 ft (250 i) duirino.r the fot. Continuous wind direction records

at 140 m showed two periods of liortheast wind driii the night of 12-13 .ulv

as the land breeze developed. DurinT,. 1oth 0o tt I(,e p.riid,, tIe visihil ity

improved as the air from fairthcr inland imrve d ; c k t o%,.irJ the coast. Such

visibility improvements are cliira, teristi of r :.i1r t o,'s during which

the land breeze occurs.

By 1200 GM' on the 1-th, t!e imnv rsi,., 1: , V.fi iitely down to the

ground (at least t0 iii), In itrmietittion :it th,. ield 1howed a ,ind shift

from northwesterly to iorhl'e ',r';t 1'v it 0 wi th i sil tllln-otls

disappearance of the fort in,! Sti t i . , t ,-I I -Iv, hu a ir t nemperatIre

at 85 in increased bY ., cl t e: t V tl er-'si hidl l, ,ceiud helms the

100 m level. IloweuV r , th( i a i -i A) it)(' r I . .l l , descnd to ea level.

After six hours of cleair ic5, tht . , , r,'nr, ir h' ,oIlrhthrv t, "Ind visibilitv

of 1/8 mile again prevalI (d.

Althorr.-h in i thi e ts fl li r. 1 11t 1i ni"t,, enl to se; level

in the Vandenberg :ia , f. ith ieu or th .: t j i,, i e 'd trirrc Is,, to Nea

level . As seen iii i re 0, thl, h i!v, ion ,,,, ' , ' 11a it , c it () : or both

13 and 14 .July. On neil her ,1aye ,i tie eK. i,, r'. rat ,rntiriu\ (d'iY drop

below 7 miles. S kies- were cut i lt: I (r' -Ii it tlit' d \- of "foo irallk

or stratus to the westk," I tAl;,, 'i ,it ' ' .li iri:t iTS when the

stratus deck is pre te:lt, lh wind ort ,t .y , I 111t oAnd xIri;1hl but

mostly from the north ;ftd( et I hh' . I T, I r 1,*(',,'t I Io) it e to

days when tl'e marine liaver ij ,r( l ''rTw hi t it. I! ,i r;I,, s'u t t, t, e I v.

Miax imum temperatiure for both : wi, i.:r-; , , i ire la\'er day's

when the temirpratlire r rir I i l,'e i t i I I' CMAlt ions show

that the flow patterns were .such thit t, o! , it sta Ievel and the

marine layer was preventrd f!'011 'll1i ' , .

ln 12 and 15 .!Itl1e, J' I : :- ' ; oitl wh 6 '7 thCn Il\ers ion was

at the ground, the i nvero r, 1in .r ie i' ' it )\i , i, M .r experielced

fog. On the I 2t Ii , the vi it .i 1I . t 5 V ,.s,.u lI :a l l I'" I rind on t lit
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15th, it was 3/4 mi between 05 and 06 PST. Conditions on the 12th were typical

of the marine environment as the inversion was lowering to the ground from near

400 m. During the 11th, the surface flow was onshore, the maximum temperature

was near 700F, and a fog bank was continuously observed to the west.

On the 15th, conditions were typical of a reestablishment of the

marine layer after the inversion was at low levels. Surface winds were variable

with frequent periods of easterly flow; the maximum temperature was near 80'F.

The marine layer was being reestablished to a depth in which stratus and fog

could occur in the evening hours of the 14th as shown by recurrence in the

observations of "fog bank to the west." The minimum visibility was only 3/4 mi

and only of short duration as fog occurred when the inversion was rising

rapidly (Figure 6) and in a marine layer which was modified somewhat by mixing

with the warm air.

This case shows Low the inversion is driven to low levels by downslope

motion in easterly flow in the layer up to 1500 1. The easterly winds were

produced by ridging in the low levels in response to development of the semi-

permanent high in the middle and upper levels. Where the downslope motion was

strongest, the inversion was driven down to sea level along the coast. The

accompanying light easterly surface flow kept the marine layer to sea, and two

days without fog occurred. Where the downslope motion was weaker, the inver-

sion did not lower to sea level. In this case, fog occurred but its hour-to-

hour intensity was correlated with wind direction. Although the inversion did

not descend to sea level, the large scale surface pressure pattern was weakened

so that the sea breeze circulation predominated. lherefore, an easterly land

breeze occurred at night, and the visibility improved during that time.

Offshore Atmospheric Structure During Periods of Extremely Low Inversion

When the inversion is at the surface on shore and warm air from above

the inversion is present onshore, the marine laver is still present not very

far to sea. In addition, the clear area off the coast is not from warm dry

air displacing the marine layer but rather a result of the inversion descending

below the lifting condensation level of the marine layer. ('alspan was aboard
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the Acania in October 1976 (ClJ'0Ne 76) during. :i period of strong easterly flow and

extremely low inversion, and the following discus:-, ion documents the characteristics

of the marine layer and the warm air which occurred during that episode.

Anderson (1931) reported that in times of Santa Ana conditions with

strong offshore winds (gusts to 35 mph), weste 1Y t, inus were found 10-20 miles

offshore. The implication is Thail the mar ine 11ie is pre-,ent at this distance

from shore. The Acania was in the Sant a Barb:v ,) tu:ine l late on 7 October 1976.

The 850 mb chart for 00 CNI'1 S Orctober Fi tiw)'e Ki sic,, northeasterly flow at

both VAN and San Diego. The stir'fa't,, map for i0 ": ,n th'le 8th (Figure -)h) shows

high pressure to the north over th, It od. li_,d, h rca *hig the coast near

Santa Barbara late on the 7111, tb,, \canin et-een1,,t T T!Ir_, very warm northwest

winds a few miles off shot. Miil,- 1Cr -<-rcsa in: K tc. ion te found that tile

warm air was a Jet wdhich w;st: , ' . ' ct ' Il , nina the shore.

When tile area of initi:l etiC o ., , xh i.: ., s'. ,d lhreoinh. a couple of

hours later, the Jet tas : , K, . t .- , . -iik.? structure, it

appeacs that the Santa An,. qT;i, a tr v,, . T. ti <<here 1 tuickly loaes its

momentum throuiigh hocizo t iT ;at i All a; 1 t dl thirot:..h .l;I,\l iwit\ frottit the region of

strong pressure gradient ,,I;Ttr . h dia..en,- !. h ni indixidual Santa Ana

can push to sea seers to d OFcn ; ' t ' treT.,ta' t' nre>strC I,.raidient along

the coast.

Puring the Sth , the -'i i :. t i :;id ; t i at i ot a] ong tile

California coast antd it 1131i (!,I ; e ti; * ted :~e'it.;rd t,) seai frtlri

just offshore at \atidenbei-,. Ati .t t ' I;I dl., it it thC \,:H ii provided

measurements of the height (,! "e ti vs a ,T . .,:ctpi (,t the inver-

sion height measured by tIle ;ic-ct i t la , , 1 ,btiitd f roill rlIdiosondes

on the :\cania showed the r,,,, )i t %d) .i I! I .0 t cllklY of the two

systems .) The tite ,cit(flee , ih. - a t . , ,i that at no ti me

between 0(t GNI'[ and 1-' (M1 ; , d ti" t\01 , 'I ,, r Y -nirfce over the

ocean, ;and s. io e yei t, -, ur to', an t . ,, T1 IitdeItbl .r was cleair,

and no mention ofn tei, lllr wan :.h t i. , T i
t fit . .\Itlhtiiiih the

inversion was ate\.' :, ilevel, cc t tittr, or i. preceitt Il the lift ing

condens:t ion level ias idwc t'u ir *t, :\ . . - Tx li," 'c,1ni i surface

temperature and dewpi)i it d ., 1,r th. Wi,.
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At 00 GMT, Vandenberg reported the inversion base at 200 m and at

least to 100 m by 1200 GMT. Radiosondes taken aboard the Acania showed a 200 m

inversion 30 nmi west of VAN at 05 GMT and a 100 m inversion at 11 GMT at 40 nmi.

Thus, the inversion, at least out to 40 nmi from shore, was behaving in the

same manner as at the shore. Based on this analysis, we interpret the time

history of inversion height from the moving Acania as if it were measuring

at a fixed point in space. At 06 GMT, the inversion base was at 200 m and

remained there for a couple of hours until it started uownward at 08 GMT and

reached a minimum of 100 m at 12 GMT. Between 00 GMT and 12 GMT, the wind at

VAN shifted to an easterly component from the surface up to 900 m. The resulting

downslope motion apparently drove the inversion down to the 100 Ii level 10 nmi

out to sea as well as onshore.

The period 1200-2100 GMT was analyzed in Mack et al (1977) and

showed the appearance of a stratus deck as the inversion rose above the lifting

condensation level at 1500 GMT. The satellite picture for this day showed

that the region off the west coast, which on the previous day had been mostly

cloud-free, was now cloud covered. Thus, on the 8th the inversion was below

the LCL and the area was cloud free; then a 100 m rise in the height inversion

raised the inversion above the LCL and a stratus deck covered the area. But

during the entire period, the marine layer was present over the ocean.

At 00 GMT on 10 October, the Acania reached its westernmost point

approximately 90 nmi offshore; and then during the night returned to the coast

on an ENE track. During this 12 hour period, the inversion base remained

nearly constant at 30() m, coinciding with the inversion measured on shore.

Overcast stratus was observed along the entire track, but the stratus did not

lower to the surface during the night.

'rhe reason that fog did not form cannot be pinpointed, but several

features of this situation suggest a possible mechanism for suppressing fog

formation. During the entire FNF leg of the cruise track, the air was colder

than the water. The difference varied from as little as O.5°F to as much as

5'F as the air was passing over eddies of cold and warm water. The air was

heated from below and was convective and turbulent.
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The two soundings taken during this track show that the coldest

temperature at the top of the marine layer was accompanied by moderate

relative humidity (70%) rather than the humidity (near 100%) which is

usually found at the top of the stratus deck. This observation suggests that

the strong turbulence from the heating was allowing the marine layer to pene-

trate into the dry air above the inversion. The resulting mixing apparently

reduced the effect of the radiational cooling on the marine layer and prevented

the stratus lowering from occurring. This process requires further study,

possibly through Deardorff's inversion model (1979).

Coastal Radiation Fog

Another type of fog that has been found to occur with very low

inversions and with surface inversions on shore has been labeled "coastal

radiation fog." This fog has been observed and studied in the Monterey Bay

area during three separate cruises on the Acania. The 850 mb charts for

1200 GMIT 25 and 26 July 1973 are shown in Figure 9. The northeasterly flow

of the 25th associated with the large scale Nt-SW ridge gives way on the 26th

to lighter northeasterly winds associated with the small scale low pressure

system to the south. The inversion at VAN is down to 100 m on both days:

radiosondes taken at MTY at 15 GMT show an inversion near 100 m on both days.

The characteristics of this type of fog have been documented and

discussed in Ref. 2 and 3. These studies have shown that during the early

morning hours the fog moves out into the bay on easterly winds in the vicinity

of a river mouth. This behavior is consistent with the weak onshore gradient

in these low inversion situations and the predominance of the sea breeze

circulation, especially the land breeze at night

Observations have also shown that the fog tends to come back onshore

with onshore winds which occur toward sunrise. Observations at MT' airport

support the occurrence of fog on shore later in the night for many of the

coastal radiation fogs. The airport is at the southern end of Monterey PaY

and south of the rivers which empty into the bay. On the 25th and 26th of

euly, no se.-ter lv wind occurred at the airport before dawn, and fog did occur

'.) 2)
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on either day although it was observed in the bay onboard the Acania. For

the September 1974 fog cases, visibility degraded at MTY as light westerly

winds set in in the late morning hours. Another apparent case of coastal

radiation fog occurred on 9 October 1976. On that morning, the inversion

at Oakland was at the surface. MTY reported a 7 mi visibility with calm winds

until 05 PST when a light westerly wind occurred and the visibility dropped to

1/4 mi.

The preceeding section has dealt with the inversion at low levels

or at the ground due to easterly flow from a large-scale high pressure ridge

which builds over the Oregon-Washington area. Faste-ly flow from smaller

scale systems concentrated in the surface to 1500 m layer can also produce

low inversions and fog. These situations are discussed in the text which

follows.

Low Inversion, Small-Scale Synoptic Systems

On 10-11 July 1973, Calspan personnel were aboard the Acania in San

Luis Obispo Bay and experienced fog at 08 GMT on the 10th and again at 05 (hiT

on the llth. 850-mb charts for 12 GMT on 9 and 10 July are shown in Figure 10.

On the 9th, the easterly flow was due to a combination of the sprawling low

pressure located southwest of California and a weak high pressure ridge extending

across Oregon. By 1200 GMT on the 10th, the easterly flow, at Vandenberg was due

entirely to the low pressure cell, since the ridge had weakened as low pressure

moved in over Vancouver. The inversion was low early on the 10th, with (PdK

showing a height of 50 m and a sounding from the Acania showing a height of

125 m.

Fog was observed at both Monterey and Vandenberg on the 10th. \t

Monterey, the fog lasted for 6 hours with a minimum visibility of 1/1(, ii.

The wind during this period was light westerly. \t Vandenberg, visibilitv was

less than I mile and lasted 14 hours with a minimum visibilit\ of 1/16 mi;

winds were light northwesterly throughout the period, Fog characteristics were

representative of fog behavior during low inversion conditions, but in this

case, the low inversion came about from a small-scale low-pressure system
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rather than large-scale high-pressure ridge. The driving force on the inversion

height in each case was the easterly flow in the low levels and resulting

downslope motion.

Small-Scale Low -- 200-300 m Inversion

Previously, we have been discussing low inversion heights, surface-to-

100 m, as they are produced by easterly winds and downslope motion from a synoptic

scale high pressure ridge and small scale low pressure to the south of such a

ridge. Fog also occurs from the stratus lowering process when the inversion is

below 400 m but not near the ground. We shall now examine synoptic situations

accompanying these inversion heights.

As mentioned in Section 3.1, the inversion lowered to 200 m on 28

July 1972 at both VAN and OAK. The 850 mb chart (Figure Sc) shows a low south

of VAN which produced northeasterly flow at VAN. The flow at OAK was light and

variable through the lower levels, which along with the 850 mb pattern suggests

a mesoscale high in the OAK area. At VAN, the inversion was lowered from the

downslope motion counteracting the upward motion of the low, the net result

being an inversion height at 200 m. At OAK, the inversion was lowered by

the dynamic vertical motion from the mesoscale high alone and thus came down

only to 200 m.

Fog was intense during this period, with VAN experiencing about 8

hours with visibility below 1 mi on 27-29 July. Farther north along the coast

at MTY, the visibility was below 1 mile on 27-28 July for the same length of

time. On 29-30 July, the low moved to north of OAK, putting OAK under the

influence of the mesoscale low and VAN under the influence of a mesoscale

high. Consequently, the inversion was higher at OAK (above 400 i1)

than at VAN. With MTY's inversion behaving similar to OAK, the visibility

rose to progressively higher values and reached 5 mi with the inversion near

600 m. The inversion at VAN stayed at 300 m and the visibility remained below

1 mi.
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Small-Scale Ridge -- Inversion at -u20O m

The time series of inversion height at OAK for the period 28 August-

1 September 1972 is shown in Figure lla. On the 28th, the inversion was at

600 m as the region was under the influence of a small-scale low located off

the coast. On the 29th and 30th, a small-scale high pressure ridge was present

over the area located between OAK and VAN (Figure lib), and the inversion lowered

to 100 m.

At 00 GMT on both 30 and 31 August, the Acania, located at the

Farallon Islands approximately 20 nmi west of San Francisco, experienced

stratus lowering fog at about 0300 GMT on both days (see Reference 1). MTY

also had fog during this period. The lowest visibility observed in the vicinity

of the Farallons occurred at the tine of the lowest inversion height at OAK.

Visibility subsequently improved as the inversion returned to higher heights.

Synoptic Scale Ridge -- Northeasterly Wind Oscillation

On 23-25 August 1974, the Acania performed a series of east-west

tracks to about 50 mi from Arcata, CA (see Reference 3). Three such tracks

were:

Time Weather

12 GMTI 23rd to 00 GMT 24th Fog

00 GMT 24th to 12 GMT 24th Stratus Only

12 GMT 24th to 00 GMT 25th Fog

Figure 12 shows the 850 mb charts at 12 hour intervals Starting with
12 GMT on the 23rd. The data suggest northeasterly flow and downslope Motion

at both 12 GMT times and north-northwesterly at 00 GMIT on the 24th west of
Arcata. The occurrence of fog, as opposed to stratus in those offshore waters,
appears to have been related to inversion height movement above and below the
critical 400 m level as the flow shifted away from and then back to the north-
easterly sector.
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Stratus Lowering -- Inversion Fluctua t I fit 1,

The Acania was cruising northe,th i.

of 13 October 1976 homeward bound it the , t'

when fog was encountered just %et ,t e it l

persisted until the Acania reached th.

at 2200 GMIT.

Trhe inversion height tlime tr

at San Diego is shown in I-igire IS 1h

12th, dipped to 300 m on the 11th and thet.

The fog occurred during the time peri, 1 ln,,I

The inversion dipped below 400 m on th, ]t :, .--

turned winds to easterly at 1ian i ,)i t lo h .,. ,,

to south and the ridge to the north. lhi, it,. r ,

pressure inversion height being depressed h. ,,r,, ........ .

inversion height was thus not at high level h1t it it I ,r. ., .t,

the normal level associated with the larger aIc -nopi t r 111t- li ,t .

41



811

Ln

K- ---- -/ - - -- -- - -- -- - ---

I-I

le I1 12 13 A4

DAYS (OCTOBER 1976) I

i i, i r, V .a I 1Vurs ion III l , t V I HC , Of I, C t or ;w 1) i ego, CA, 1()- 14 )c t o|)er I I)-(,.

I- 453

F igure I --s. 950)-mb Chart for 1200(M ~ l, I Oct ()hcr 19-6 ,

Z 212

!r IV

IS 11 2 13 1



I!

Section 4

FOG CHARACTERISTICS IN THE NORTHERN GULF OF MEXICO

Under previous NASC Contract (No. N00019-79-C-0186), Calspan in

collaboration with the Naval Avionics Center (NAC), the Naval Coastal Systems

Center (NCSC) and the Coastal Studies Institute (CSI), participated in a

study aboard NCSC's offshore platform, STAGE I, to obtain data describing

marine fogs and marine boundary layer characteristics in the northern Gulf of

Mexico. As depicted in Figure 14, Stage I is located %20 km southwest of

Panama City, Florida. The field effort, dubbed Panama City I, was conducted

during a four-week period in November-December 1978. Aerosol and meteorological

data obtained during Panama City II were reduced and provided in a "data volume"

(Ref. 13) under Contract N00163-79-C-0049 from NAC, and aerosol data were

summarized in a formal paper (Ref. 16). Fog data could not be analyzed within

the scope of those previous contracts.

Analysis and interpretation of data describing specific fog character-

istics and the circumstances of some of the fog occurrences observed during the

Panama City II field effort are presented in this Section. A summary of the

general circumstances and characteristics of the fogs observed during the

field study may be found in Section 4.1. Specific analyses of the fogs of 9-10,

2, and 8 December 1978 are presented in Sections 4.2, 4.3 and 4.4, respectively.

Visibility records for all fogs, except those of 9-10, 2, and 8 December, are

provided in Appendix B.

Instrumentation Setup

Calspan instrumentation installed on Stage I is listed in Table 4.

All recorders, a 'clear-air' visibility monitor, and aerosol sampling apparatus,

were housed in the equipment lab, approximately 18 meters above the sea surface.

Lo-vol aerosol sampling was accomplished on the ,nzin deck, 16 m above the

surface. Temperature instrumentation was located at 3 levels (21.7, 9.3, 4.4 m),

and a fourth sensor was specially adapted to measure s, , sturface temperature.
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Dewpoint sensors were installed at the 24.7 and 4.4 m heights, and a sling

psychrometer was utilized at deck level (17 m). Horizontal (24.7 m) and

vertical wind (24.7 and 4.4 m) instruments were located away from the platform

on booms (on the south corner) to minimize effects of the platform on the

measurements. Fog visibility monitors (one owned by NCSC) were located at

the 24.7 m and 4.5 m heights, and fog droplet and sea spray samplers (for size

spectra data) were located at 3 heights above the surface: 23.5 m, 16.5, and

at a low level where an elevator platform allowed for data collection from

0.5 m to 4.5 m above the sea surface. All semipermanently installed instru-

ments were located on either the south corner or southwest side of the Stage;

lo-vol aerosol and droplet samplers were moved, as required, to the upwind

side to account for changes in wind direction. Data were acquired continuously

with this instrumentation during the period u,17 November through 12 December

1978.

In addition to the instruments housed on the platform, a fog visibility

monitor and horizontal wind instrumentation were located at a shereline site

(NCSC Beachtower 4-1) near the entrance to St. Andrews Bay. lie NCSC-owned

visibility device was set uIp and calibrated by (.i lspan personnel in late October,

prior to the field effort. Calspan wind instrumentation was installed at the

Beachtower and calibrated on 15 November.

4. 1 Sunarv of Fog Circumstances and Characteristics

During the period 15 November-12 December 1978, a total of 0 fog

situations, in which visibility degraded to '.6000 m, occurred at the offVshore

platform, Stage 1; in 3 of those fogs, surface-level visibility dropped below

1000 m. (A total of approximately 40 hours of fog data, including ,100 droplet

samples, was logged at the platform.) Visibility data at the shoreline site

are available for the period 1 November-12 December, and, for that period, a

total of 12 fogs occurred at that site, 8 of which occurred during the period

15 November to 12 December. Of the fogs observed during the periol 15 November-

12 December, 2 occurred offshore at the St AIe but not at the Beach site and 4

occurred at the Beach Site but not at Stage I; .1 fog episodes occurred con-

currently at both the coastline and offshore sites.
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Occurrence and meteorological data for the fogs encountered during

the Panama City II experiment are summarized in Table S. Approximately 36%

of the observed fogs occurred with winds of <5 m sec-1 from the southeast
-1

quadrant; -,43% of the fogs occurred with winds of <5 m sec from the northeast

quadrant; one fog, each, occurred under SW-wind, NW-wind and calm conditions,

respectively. At the Beach Site, average duration of the fogs (for visibility

<6000 m) was 4.7 hr. Of the 12 fogs observed at the Beach Site, 60% had

minimum visibilities lower than 1000 m; and the <1000 m visibility condition

persisted for an average of 2.3 hr. For fogs in the visibility category >1000 m,

minimum visibility was typically ,1600 m. When visibility dropped below 1000 m

at the coast, minimum visibilities were generally <200 m. For fogs which occurred

at both the Beach and Platform sites, fog duration was usually greater and

visibility was lower at the coastal site than at the offshore site.

Microphysics data obtained in four of the fogs observed from aboard

Stage I are summarized in Table 6. Approximately 70 droplet samples were

analyzed to provide this summary. The drop samples were taken throughout the

life-cycles of the respective fogs and do not represent dense nor necessarily

mean conditions. With this caveat, averaged datai from the 17 m level are

compared with fog data obtained elsewhere by ('alspan in Table 7. It is seen

from this presentation that the fogs observed at the offshore platform in the

Gulf exhibited smaller drop sizes, lower drop concentrations and substantially

smaller liquid water contents than have been measured elsewhere in marine

environs. Further, drizzle, which frequently accompanies marine fogs, was not

observed in fogs at Panama City.

The foregoing summary indicates that a minimum of )85'. of the fogs

observed during the Panama City II experiment formed as a result of continental/

land influences rather than sea surface temperature gradients or di scont inui ties.

(Analyses of wind (Ref. 13) and aerosol (Ref. 10 and 17) data show that Stage I

was under the influence of contineit.m l air for a minimum of 72. of the time

during the experiment.) Evidently, for these land-mass induced fogs, the
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relatively warm waters of the coastal Gulf play a role in eroding (by causing

evaporation of fog) their near-surface characteristics. This influence is

reflected in the shorter durations and higher visibilities measured at the

platform (compared to the Beach site) and the lower than average (for marine

fog) liquid water contents observed in the near-surface levels of these fogs

over the water. Such higher visibilities and low water contents are probably

not typical of surface-level conditions for Gull" fogs formed in other than

coastal regions of the Gulf, especially in the outflow region of the Mississippi

and other major rivers.

4.2 The Sea Smoke of 9 and 10 December 1978

Sea smoke forms when very cold air moves over warm water. It is

characterized by streamers of visihle fog which rise from near the surface

and dissipate as they mix with the relatively dry air ailoft.

A dramatic episode of sea smoke occurred at Stage I following the

cold air outbreak on 9 December 1978. Very briefly, a strong cold front

passed through the Panama Citv area at approximately 0-00 CST on 9 Decemher.

Air temperatures dropped From '23°(" ahead of the front to 1.4-60 C approximately

150-300 km behind the front. The axis of the 500 mb trough associated with

this surface front extended from a closed low over James Bay to central Texas.

By 0600 CST on 10 December, the 500 mb flow was zonal, and the surface front

was located \,800 km east of the Stage, putting Stage I well into the cold

northerly flow behind the front. Minimum air temperatures of -,1.0 0C for this

cold air outbreak were recorded on Stage 1 at 00(i on 10 D~ecember.

Temperature and deipo int data obtained oi 9 a nd 10 )ecember are

shown in Vigure 15. Visibility data from loot) on 9 December to 1000 on the

10th are shown in Figure 1b. Initial indications of a visibility degradation

at the .1.5 m level appeared for a hrief period a 'ound 10.40 on 9 December.

Notes taken at the time indicate that the coast ,,as clearly visible from both

the 5 and 17 m heights. At ab ,,t 18-15, the visibility t ,degradat i on at 4 .5 m

became persistent. At the same time, wave heiht increased to such an extent

(2.2 ml that crests began breaking on the grill of the lower deck structure,
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which led us to believe that the visibility degradation was due to spray. The
visiometer was moved to the 7 m height as a protective measure at 1940. Visi-

bility data were obtained thereafter at the 7 in level except for the brief

period around 2210, which is noted on the figure. For only a few brief periods

during mid-morning on 10 D~ecember, fog depth reached 25; m; otherwise fog

remained below the 25 in height at the Stage and was nonexistent at the coast.

The ania lysis presented below is based on the following phenomenol-

ogica] model: As the cold dry air moves over the warmi surface water, an

extremely, unstable low level temperature profile is prlloduced, and extreme

mixing occurs. Nevertheless , in a very thin 1laver immedi at clv above the

surface, the air achieves temperature and noi sture equilIibri um with the

* ~wat er. Ill the case of Sea water , m1o0isture equI i hr i ur occurs at 982: IM, so

that condensation does not exist in this thin I aver. Howeve r, as this thin,

warm, nlear saturated layer of air is mixed with the reIlat i e lV dry, extremli

Cold air ailoft, the mixing~ process advanced by 1iavlor (NI)] occ~urs arid is

responsible for the format ion of the vi sihie Ic I.

The data obta mled oil Stag(' I rcl ates to this mlodel ais folIlows:

The vertical temperature di stri hut ions ohtaimed it severi 1l pertinelit tiins

prior to and during thet fog are shownl ill Fii lzt. ]- Cons i dern n these

d i st ri butt i ons and the 10 to 151- InI sec i nd(s hi 1om\ i ni,, )\e r I .S tu 2 . 2 ill h igh

walves, it is appa1) rent tha~t mix ing %%AS extreme~. it is al1so aIpparevnt frolm the

t emp erajtuiire p)rof I es , a nd i il i calt e l cma t i ci; I I v hy the hat ched e 1-i oil ()f

the 0500 prof il1e , that suihsttta iiuncert a jut V\i st s iil the actiua I teperi'

ure iist rihit ion it the veic o Iee 10. IC1 wor'se COHI 11 enncwave-

hh i ts of Iilp to) 2 .2 ill ti( mea Ill ic t Iiin ir )I T 11 II I I v:1 I I l(-' o,! li i 'Pht ' i rifloeI i ;i t c I Y

ihove the surfa~ic i ,1) i h I> 1 liot I )fll1 1 c w~Itin )i el (ill nlclIi-o il'eIit s nidke ;it

ti X~A Ile lo the S t ;i',L . 1n1 da1t a i, th out ghI1 pre s e i t ed( iniiq pla lIi t i at i v c

term',, * IilSt be iiitepcl~~_tid Ws i)these ultC(F'ta it l - ill 11ild.

In order- to applI t h t mi .x i nc t heor Ill n elllit ~t 0) on f I he man

temporal Mid vert ical Ll i ,t ri hilt ions oUf I iplitii lia)r , e% enits dered the measutred

t empe ratur n r d mix iri: ra-t ito conii t ions h i h i t. to)' I i I c evk I c 1l11

relIat ion to the Saitura,;tedo mli x iii,. i-it iov t (,m l)(iittlrert itl( i 1 c i owii ill

Iivur 18. (:oidit ions inl Ili "it, lit 11-h itll U t ted i Ila-~ t. 1 th t
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Figure 17. Vertical Temperature Distribution at Stage I Prior to and
During the Sea Smoke of 9-10 Dec 1978.

the thin layer immediately above the surface) are defined by the sea surface

temperature and 98% relative humidity. Conditions in the cold, relatively

dry air mass are defined by measurements at the 24.2 m level obtained with

the Foxboro temperature sensors and confirmed hourly with manual wet and dry

bulb temperature measurements. The conditions at other altitudes for which

accurate hygrometric data are not available are defined by observed (or inter-

polated from Figure 17) temperature at that height and the straight line

connecting the two points described earlier. For illustration purposes,

examine the straight line characterizing all mixing ratio and temperature

conditions from the surface to 24.2 meters at 0500 on 10 December. The mixing

ratio is below saturation for all air mass mixtures except those charucterized

by temperatures between %5C and 20.3 0C. From the temperature profile of

Figure 17, it is apparent that the S' mean isotherm existed at some height
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which is below %l.5 m, which as stated above is not definable with 2.2 m waves.

Judging from the rate of change of temperature with height, the height of the

mean 20.3*C isotherm must be just centimeters above the surface, but such

values are totally meaningless under existing conditions.

The only interpretation that can be made relative to height, there-

fore, is that the mean thickness of the saturated layer was of the order of a

meter and that the mean depth of the unsaturated layer beneath the 20.50

isotherm must have been extremely small, probably on the order of a centimeter.

The persistent presence of the visible condensate (i.e., large scattering

coefficient) at the 7 m level (see Figure 16) and occasionally at tile 24 m

level suggests that turbulent eddies carried saturated and near saturated air

parcels to heights substantially greater than the mean heights defined by the

average temperature and dewpoint data. This hypothesis will be examined later.

From Figure 18 it would appear that the maximum liquid water content

was approximately 0.8 g m 3 when the mixture was at temperatures between 12'

and 130C. At that time, the Aitken count was 1800 cm> To have achieved

this liquid water content, these nuclei would have had to grow to a mean

volume radius of 10 Prm. (Considering the very small average thickness of the

saturated layer, it would appear that the rates of change of temperature and

mixing ratio at this early stage of mixing were so great that equilibrium was

never achieved. tvidence to be presented later will show that very substantial

growth must have been achieved.)

Similar analyses for several other interesting times during the fog

are shown in Figure 19. The analysis for 1300 on 9 December shows the stra i ght

line connecting the two initial air masses (i.e., the surface and 21.2 m air

masses) to be very nearly tangent to the saturation mixing ratio curve,

indicating that initial condensation occurred at about that t ime, more than

three hours before the first observation of scattering at the 1.5 m level

(We now believe that the scattering observed between 1040 and 18.15, which

caused us to move the vi-siometer up to the 7 m level , was sea smoke and not

sea spray as thought at the time.) The sequence of analyses (Fiture 19) for

data obt a i ned on 10 l)ecember suggests that condensat i or cont i nued to occur

until approximately 11(0, more than two hours after scattering was last

detected.
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Analysis of the 1700, 9 December data, just 20 minutes after initial

scattering was observed, indicates that maximum LWC between 0.2 and 0.3 g m_

was required at very low levels before even the minimum scattering was observed

at the 4.5 m level. These data again suggest that the observed phenomenon

was never in an equilibirum condition; further analysis would require con-

sideration of the relatively rapid fluctuations of- temperature- and humiditNy

Examination of the temperature records revealis well correlated

cyclic fluctuations at the three levels (24.2, 0.3 and 41.4 m) with

recognizable periods ranging fromt 2 to 5 minutes. Hfigher frequencies

certainly exi st, but the dat a acqu1is it ion rate aind response time of the

roxboro ;N-stem are not sufficient to permit quant itait ie analyvsi s. Peak-to-

peak tempe ratunrce OXCirs ions at the three level, iere tep i call v ().S5, 1 .0 and

*.50 C, respect iveir , with imaximum excurs ions aipprox imatel v half again that

lage at each level. Pew point data Ohtilmed it 2.. i n 1.1 so

sifni lar fitict1uat ions occurringi At both levels. picl dewpOint excursions

ato)th Ievel s are of the order of 1.0C i-th ma \i mum) excuirsions approxi mtel.\

Oujant itat lye anailysis of temperature anid dewpoi nt dat;i acqu ired

bet ween 0.400 and] 0000 on 10) fecember , the peniod of lmax mulm fo, dens i tY

yields the following correlation coefficients:

13Y 'I

K (T, 1'2 pi. 1

These hti gh valIues; show thalt t iirbui lenitt edd ie 0i i ch ire subs),t an t aiI IY ];I rige than

the 2.1 in heki ht of' the Stage ;ire( nov int, past0 ttn toe wiCi ~ith the wi nd . lb i S

agrce-s with the observeLd period icity of. teineraitture I I uctuiit ions which are of

01)



the order of 100 seconds, suggesting that identifiable air parcels are of the

order of 500 to 1000 m long. An important secondary conclusion is that the

temperature sensors, with response times of approximately S secon(s , are

adequate for following the major temperature fluctuations. With this point

established, it is reasonable to proceed with the Taylor mixing analysis based

on short time scales.

Our approach to this analysis is illustrated by the cross hatched

"boxes" centered on the average values of temperature and dewpoint at the

24.2 and -1.4 m levels in Figure 18. Thiese boxes indicate the extent of

"typical" observed fluctuations in temperature and dewpoint at each of these

levels during the two-hour period centered on 0500. Comparison of short-term

fluctuations of temperature and dewpoint reveal very little correlation

(correlation coefficient %0.2 at each level. We believe that this is due to

the slow response of the dewpoint sensor. Wqile logic tells us that the actual

instantaneous conditions must have fallen on the straight line shown in Figure

18, the quantitative data suggest that the actual conditior-s at each measure-

ment height may have been instantancously anywhere within these boxes.

let us examine the possihilities under the two extreme sets of

ass umpt ions: (1) There w;is a perfect positive correlation of tempera t tre

and dewpoint, and (2) There was a perfect negative correl ition of temperature

and dewpo int.

1. Ith a perfect positive correlation of temperature and dewpe int,

the atmosphere at all measurement levels would have been unsaturated at all

times. Maximum relative humidity would have been 92, 87 and 83', respectiVely,

at 1.1, 9.3 and 24.2 meter heights.

2. With perfect negative correlation of temperaturc and dewpoint

which won ld provide maixnmum opportunity for supersaturation to exist, the data

tould indicate that supersaturation never exi sted it 21.2 meters, exi sted

for about I'.. of the time at 91.3 meters and p ihiv as much as 2 ( of th,; time

at 1. I meters.
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At this point in the analysis we asked, what fraction of the time

was scattering observed at the 7 i level where the L( Forward Scatter Meter

was located? Careful analysis of the minute by minute data obtained between

0400 and 0600 produced the cumulative distributions of visibility and scattering

coefficient which are presented in Figure 20. The scattering coefficient

exceeded 8xlO- 4 at that level more than 50% of the time. Substantiating data

were obtained from the MRI Nephelometer at the 18 in level which recorded a

B at 1.1xlO
- 4 m- 1

scat

From these analyses, we must conclude that the observed scattering

resulted from an aerosol that existed under subsaturated conditions. An

examination of the source of this scattering was performed.

Because of aerosol contamination (exhaust from diesel/electric)

generator) which always accompanied northerly winds on Stage 1, we do not

have complete aerosol data for computing scattering coefficient. For this

specific time interval, we know only that the Aitken count was 1800 cm

The initial comparison was made simply by determining the mean volume

radius of these 1800 cm 3 particles required to produce a scattering

coefficient of 10 in

R = 27 r n = 10

i0ll-in 1  -15 "

r x 1800 x 10 - . 1- 3

Assuning a 11 nuclei to be sea salt, the mean dry radi us would bc " 1/2 that

at 85%, R11, or M,0.15 im. Nuclei in this size range would activate at approxi-

mately 0.02', supersaturat ion. The (N act ivi ty spect rum obtai ned in the same

air mass at 1852 CST on 9 December indicated 19(,0, 1610 and 12.(1 nuclei (cm

activated at 1.0, 0.5 and 0.2,, supersatnra tion, respectSiw'\. ,uch salt

particles have radii of the order of I(n 'jm and smaller. If the particles

responsible for scattering are in euililri um with the ambient atmosphere, a

few giant nuclei must then h, responsible.

6,2
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lvo dexelop in opin ion as to whether or not it is; reasonab] e to

e xpect sufficient colicent rat i ons of gianlt nuc lei to account for ob'served

scat t eri ng, we retuorned to ou r 23 lobruniarv 1977 lat a from Stage I 1 Ref. 6 and

-obtained uinder approximately' time' sameTI conditions' (winld sp~eed 1S rn/sc

waeheight 2 .8 in , 111 89 to 93',,). The Scattering Coeffi ci ent was,- consi1stent lv

Ito ]I i
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The only reasonable conclusion that we can draw, therefore, is that

the observed scattering was not due to particles in equilibrium with the air

parcels that they occupied. The particles must have grown to fairly large

sizes in the short time during which the mixture was very highly saturated.

By the time the air parcels were carried to the - m level where measurements

were made, they were no longer saturated and droplets were evaporating. How-

ever, the time required for the air parcels to reach the 7 m level was so

short that evaporation was not complete.

Epi log

The cold air outbreak responsible for the observed sea smoke was

documented by two IMSP images of the eastern U.S. and Mexico obtained at

approximately 1100 CST on 9 and 10 December. The images which are reproduced

as Figures 21 and 22, constitute spectacular illustrations of the banded cloud

formations produced when cold air passes over warm water. Both images illus-

trate the cellular structure of the banded clouds formed Over the broad fetch

of Lakes Superior and Huron, while the latter image shows the severe lake-

effect snow storms in progress over lakes Frie and Onta rio. jarly studies

by Calspan (see, e.g., Ref. 26-28) describe these banded stratocumulus systems

and their cellular structure when they develop to the snow storm stage.

Observers along the shorelines of the Great Lakes have been impressed with tile

dense sea smoke that frequently precedes cloud formation and occasionally

organize into small funnel clouds after strong: convection becomes est:ibli shed.

It is interesting and perhaps important to note that even the largest

of" these lake-effect cloud bands is dwarfed bY comparison to the bands that are

evident over the (ulf of Mexico and the Atlantic Ocean in the 10 lccember I)MS P

image. The similarity in structure of individna l bands within the three systems

and the general conformance of the upwind cve lope of the bands with the shore

of the hody of warm water leave little doubt that similar processes are

responsible for their existence.

6"1
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Similar s ituat ionrs have heei rioted by numerous authors in the past

In additioni, we have observed sirni lait ies iri the banded structure of thle

lake-effect cloud systems and thle fog-stratus systems that frequently begin

as ci ou1d streets off thle Caif orn ia coast (Ref. 3 and 1-1). We are now attemlpt

ing to relate these svstemls to patches of warml wlt er which exi st within nc r onIs

of cold uipwellIing water (Ref. 29) As a inininimi, a clitimatologic;i I '.tiidv(iof

thcse potentially rel1ated( phenomen a appears Warrant ed.

4. 3 The Fog of' 2 lDecember 1978

Ixtensi ye fog occurred a long thle II or ida parihanidIe cI t ('T1 the

morning of 2 Ieceruher 19-78. At Stage 1 , fog occu-trred durn rug t iso hricef p(-riu d

in the morning, for a total durat io'i at thle 25 11 hegtOf '2 1h011-1 \t thu

shoreline lReachtower Site, fog persi sted for , I houirs. ic is ib il it v rcrd.

for this fog arc presented in Figure 23. m-is f'og epis( I-, i ~ part icla 1-1

iterest ing in that sufficient i nformat ion is ivaii lab Ic to permiit the( i ut(r

ne 1at ion of I snopt ic s cale , mos cii ae and micros c a1 e ph enome a.

Diur ing the two -day period p receding this fog , al 'datiolla rv frontal

SYStem wa1s located in the area. Onl November 3,0, the stat ionary front extended

fromn the middle of the Guilf to Just north of, Liilahalssee (T1,11) Cont inruin is aI

cold fronrt to :u low in the AtlIan tic off Cape Cod . The 50(3 Tll) p"ittern oil3

November show5 ed ai broad trough over thle w .. isth trough isis centetred oe

thle PI;i ins staItes. The SOO irub loW wa's located over- Ihidksoru RIV . ('nec i pi i Jt Ion)

wais assoc iated with this front and 2.1 hiourm toti Is enin~iig Mt (6(M( (","I ()It _;

November throughout the Soultheast were abolut 05i ncllc .

A wave deve loped o)n this staitionairv trout ;it ISM0) Sit o () Nov\ember'

(a longp thle coastlinme) uover Painimi: ('it v, IT. 'Hic walve sIih(useTwt 1v tlowed Tlortiil-

eastwaird over Tfl and wais siltriated Jrust north ot .l;icks)in le, 11 ,it M(00ill)(S

onl I IleCCeIIIbr. WRaVe deve lopuinITt W IS l> r t % ith HeCa~ ciswirI'. Toveuient of'

thle 1500 inl t rougih. 'I''he t rolughl axis was located tlbrougirl central I i i ss ippi

arid northward a long thle Miss i ss i jpi river at (0(0 Cl' , I Ilecembcr . 'The 8')0

inb clii nt it MTT((l'f, 2 Ooiii h o~btr (180(0 CSI' I I)e cc htowe d a tmIperit ire wa;ve

over tile trill coastal states. 'Ihe 850 mb p1itt em does niot show isibstirut iii
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short wave, hut the winds, at 850) ml) suggest the beg innings of' a trough with its

ax is from Julst no rth of I.it tlIe Rock t o ju lst norith of Jack sonif, M iss iss ippi and

southward over Mobie.

Fhe su rface low moved fr-omi lacksonv 1 Ice rapi dly inrto the At zlrd i c

during the dayv onl I liecember- Beh ind this svs ter, a h i gh pr-essure idgc

filIled in overf thle "[ 11.5. w ith general lIe weak N.1I ga i cut ( dra inrage I% Inds

over the southeast . The suirfacc pressure pa;tterfl At 0~h CST! Onl 2 IeCeit'1111

is depicted iii Figure 241 , repI)ri nted from The Nat iona I heather Serxe i ce lI ;i i Itv

Weather- Map series . No priec i p it at ionl occurred in thle imtmediait e x ici nit v of

St age I fo r the 24 hour peiiod end inrg 0000t (:5' Onf 2 Dc (11) eer.

F~igure 25 presents an anilVsis Of winlds alt 0000t CSI ill the( Sout h1-

eaistern U.S. and iorthern Gurlf ot MNCXi co in whitici thle Sta C I anld IL-ACIlt0irer

w i nds are added t( data ava ilab Ie from I i grr 2.1. ie a xi s of' ie r ii dgr~

is well defti ned 1w thc r-egion of 011al11 eXt end ilrig fr'ont cenlt r I Mi Sis i pj i tol

North Carolinia. The cross- isobari c flow r itl routinent aI ieeci otw so~riiea'.it

of the ri ige , presimab Iv st imni lited by itocll rnal : olr oi e sIt tlt

COa1s t is i t Ir gr Iad i cnut induHced 1% j mIIS t raJt p0 1 is i ', t\ cI ' t Ir I L~ it lIIC I'

Ih it (o-m t t hi ck , trist ilb I e boirid&r FY I aIver- .11) ong t 1We coast I~ is

capped 1'% :1 sits IdtICeI i iVer11" i OiIN is ti11 dr ir II' t Ot ti hrotig1lr I PCrcetiberI' aI'

sh wit i Iv tirec soil rI in d;m i ri re11 20A . B\e It liIli cht I i 'lix 2n . roct 't

Cool i rig' ott lAuld litad peTodrIlCed al 2) Illt tit i clsr rtIcc ial I'ed i Ier - 1- Ot o ire. 1Ith

t ireI s I It) ilercicec i fiverfS onIf. I I I-i rig tir I I, ' , ho IiicI-'r , air i t ItII x or C s n l'i t 1111

silt",Iice Ir tir t the solut I itrcrI: i tihe eoa-r I.11 iet~'l l i , 1tt 11i 1 up1 o\i !').it k lI

CC1 t o It ( in tr111 e liver 1 betiseert It) ar I ut totipt,1WW! I' t hIt, I Li' I r 1d II

ii 1 1tI C 2 1,1 Alid 1) . I IIi s , 'r sit r \1I,1 1t:Ic , I1 11 *

C IIII ,t'r r ,f( i- , - ,Ttd tt i 11 t I I I l t T) ,l ;111i ' .111i;i I o i t 1jet.

\rVT'IT t ptt n'cle' h~ wIr (" 'rI I n I ire :i i 1. 11'' 1 Ai d T' ' Ilse'
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necessary mixing, and it i s bel ieved that the fog of 2 flietsenber along the

coastl1ine for-med in this imanner. As shown in F:i gure 27, LOWd and warm

mocist air masses did not exist in such v'ert ical proximi ty over Stage I at

06 30 (CST. Fog patches oh-served imined ia telyv before and a ft er that sound ing

appa rent IY advected , with FSE Winds , to that lOca,'t ion from the Apa 1 achi cola

Pen insul1a.

4.1 [he Ilog of S [tecemlber l'9-8

lo formaIt ion inl coastal area ilt S11 ireutOf' Se\er~t I different

pr1ocesses, ech:1 ;tscit~lith aI part i crlr senlopt ic S ituiation. AS dlescribed

ea IrIi e r trk I e I mp I e the Coo of ' 2ieseITIbe r \\AS assci ated with the presence of-

a h i Lh I)res suire r i dge, . I 1c e og, of S 'icelembe de-s cr i lied ill the Coi I O i 11g

diss i So 'u I 01, f'ormeId be al di f fe eu proce,'s s asso ilt ed x itf h adi ffeCretit localo

Of 1 a 1 i g~h prsnI'eidge. T'his for. fulo ed b.\ al 'tirta aer proces.

A coMmDon factor in thet avulopt is, pat Of er ilothi the 2) h ecetliber and

S Iecember fogis was the p~re'S 01W 0Of hIii g p rk.- ir ri g ill the( s olthcI strem

Unlit ed Sta Ites . hei localtionl of tI 1 idw i ( I~ It it tIIo I te oasta" I regI i on

hJas a IMA ii ii f I e e o IC W l e1 1pr. 'ti ' t I l It 1 01) i. I r e xe'l 'Ic k , ItI t lieo

discuss"ion Of the 2) Iteceiber fog, It sas sOisli thit I ri tIe t o the tiol It 'Ind

lnorthls of, thek coalst proilsl I k,ca ra ot' "ttitt ionl over I- 1lt, , t ill ill,

n1 L I k ita ge; I o I id C I I t fhek V ' 1 I n Il. I t l t ' is I, i o 11 ' rl i ti o l1

la grad il ou fi o I te r t li tS II, k eith, II t ' thit i tIt r liat o aIsi]

rid, lIt I lit J ills, I It' to the east it lt tsa ht'

I iittss T- i i '.I I tnit t , I ')Jitt -( - I1C 11
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Description of Fog Episode

Ilaze and low broken stratus were reported during the day of 7 December.

Towards evening, visibilities began to gradually decrease. Fog was not reported

at either the Beach site or Stage I until %0100 CST on 8 December. However,

Fglin AFB observations show a reduction of visibility to 400 m at 2130 CST on

7 December and then an increase in visibility to 5000 m by 0030 CST on 8 December.

This drop in visibility was not detected at the Beach site rnor on Stage 1. At

0030, visibility at the Beach site dropped below 600 m. Fog patches were

observed at the 20 in level on Stage I at 0050*, but the visibility at 4.5 m

MSL did not drop below 6000 m until 0210 CST. Figure 29 shows the visibility

records obtained at the Beach and Stage I on 8 December. Observations from

Fglin AFB show that visibility once again began to drop, reaching 1000 m at

0300 CST. A minimum visibility of 100 m occurred at Fglin at 0630 CST. By

this time, the fog had already ended at Stage I and the Beach site. (Fog

persisted at I'glin until 0900 CST.) The visibility record from Stage I reflects

the sequence of visibility restriction typical of stratus-loering fogs;

visibility restriction occurs first and is greatest at higher lvvels.

Fog Format ion Process

A stratus lowering fog can be identified by several characteristics,

as outlined by Mack, Pili6 and Katz (Ref. 3):

1. Radiational cooling at stratus top, resulting in a capp iriTg

inversion at an altitu.le of <400i m and liquid ,ater increase

at the top of the cloud.

2. Tncrease in stabilitv immediatelv above cloud top; instabilitv

within the cloud which eventual]y extends helow the L loud hase.

Turbulent transfer downard of air parcels from cloud 101) to

mix with clear air beneath cloud, causing the cloud (visibility

restriction) to propagate downward.

l;.strument malfunction prevented visibility data aCqUiSition al the 25 m level
prior to 0.)320 (75 .

70
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The soundings taken before and during the fog at Stage I are shown in Figure 30.

The capping inversion above the stratus top is based at a height of "' 375 m at

0143 CST. The inversion layer (q,375-460 m) is the stable region above the cloud

while a lapse rate of %60 C/km exists from just below the inversion to the sur-

face. Since parcels below the inversion would follow the moist adiabatic lapse

rate of %4.5-5 0 C/km, this region, extending to the surface, is unstable.

The result of radiative cooling can also be detected in the layer

beneath the inversion. By comparing the pre-fog (175- CST) sounding with the

0143 CST sounding during the fog, it is evident that a general cooling took

place over the entire :air column. Superimposed on this is the radiative

cooling, occurring below 375 m. Some rates of cooling at various heights

between soundin times are shown below.

Height (iII) Cooling rate (0(7/8 hrs)

12 .5

200

300 -,

3752

1(1{ 1.•2

(51) 1. 5

As shown by the table, the effect of radiative coolin.g shows up in the layer

200 to 300 In). If the cooling rate at (iS) Il is taken to be the aimount of

coolino experienced by the entire soilding, there is an additional 0.50(C
of cooling occurring beneath the inversion due to radiation. It is obv'ious

from the superadiabatic lapse in the lowest levels (caused b the very warm

Gulf waters) that considerable he:it is beinl trainsferred inta the atmosphere

offsetting some of the effects of r;idiat ona l cool ing :lott

From this aria l vsis of" tile Solldi1 .,, :I)) the cati'es of a st at its

lowering si tuati on :is described earliver are irest-ni in th is foc,
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Summary

A high pressure ridge to the east of the Guilf coast region caused a

marine air mass to he established in the coastal zone by onshore winds . Low

stratus present in this air mass propagated downward by a strat is lowering

process once radiative cooling became effective it the top of the stratus

deck. An analysis of soundings prior to and during the fog contain featlures

consistent with a stratus loweriing situation.
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Appendix .A

FOG LOG: A LISTING OF FOGS OBSERVED A'l SIA 10 IAIl *)N f1ls PROGRAM

Avg. Mi n.
Date Location_:_Ivjw Visib I i t y

26 Aug '72 M'Y Bay I-t ttu lo ilnr 1.5 kin

29-30 Aug '72 Farallon Islands St rat s lot. rio r 1 .) kil

30 Aug '72 Farallon Is lands Sqt rat a !,)ItC I , 1I.0 k:11

30 Aug '72 Farallon Islands WiN', %A te. "!.; kto

31 Aug '72 Coastal near ,t {i kdiation .1) kinI
San Francisco

9-10 July '73 Vandenberg Karm it, ter U.S km

10 July '73 Vandenberg Warm mltei ., kIn

24 July '73 MrfY Bay 1.5t a I Radi at ion _u., km

25 July '73 !-lY Bay t<t i l.,adiation 0. 2 k

2b July '73 MY"' Bay Iust:1 I' adiation L.;i

29 Apr '74 Nfl Y Bay :I o t ;a I .adi ;it ion U..S kin

30 Apr '74 rfIY Bau ) ;I, t,.1 RIPid i at ion $ .

7 May '74 >TIY Ia 'It ]At s' IiiW ij o L i' Ow c I

8 May '74 [rl Y Biav St ra I ,ti ut !,. 0 LI

It May '7-I r )i kan va< .La t

22 Aug '74 iLureka ,>Ii.ur ~rn . U. I kill

23 Aug '7,1 1o -10 11111i Off'sutu l'' -iov . it !> IIILw 1007<1 ii.

i urek:a

2.1 Aiuk '71 uIrCka "LJ Iiv t t . in

111 . C I ' ,I

2-1 A ug '7.1 I , , 11111i itI it'h o l't . 111i t I'o l: . (I. K' ;.

' urkiI

At-§'*ug '7.1 ~ -~ rU s -.

2.1 S t '71 \fH 1Il ti KuIiti , K .

1 Sept '71 7 i I .f1 i -lri



FOG 1,0G (Cont.)

Avg. Min.

Date Location Log Type Visibility

2-3 Aug '75 35 n mi off Nova Cold Water 0.10 km

S cot i a

3-4 Aug '75 30 n ni off Nova Stratus Lowering 0. 20 km

Scotia Augumented by
Cold Kater

4-5 Aug '75 50 n mi off Nova Cold/Narni Water 0.15 kil

Scot I a

6-7 Aug '75 40 n Li off Nova 
(0. 15 kit

Scot ia

7 Aug '75 50 n id off Nova 
0. 1s kim

Scot i a

7 Aug '75 o n fil SI. of 
0.08 km

Nova Scoti;1

7-8 Aug '75 '150 n mi S of Stratus Lowering 0.08 kin

New foundl and

8-9 Aug ' 75 '-ISO ii mi of St ratus LoweCring 0. 25 kill

New found l an d

9 Aug '75 "vlSO I1 nI 
7{ I|  St raltts IWwe ring 0).10 kml

Newfoundliand
1) Aug '75 lSO S ii 0. 1. kml

Ntw fo un d l arid
it) Aug '75 "'ISO n il w ,; 1, of. 1 1 kill

It. (Iitiol, ug 7 '-50 nt m i "( 010 kill

27'a28 I I fid jit il 0. 15 kill

o clo' \nc' ' I') .

ts Oct '7 . I ii ri t ffi ( t it 0.1 kill

\%' dnif rel rlw v

. 7c 'Ti "5 ii ill (t 
0. 

o f0 
kr

acn ci r gi

'.lit aC tI ri ( :1 1"

11 ()Ct '7() 15 1 i t fill o Ii adlat 1 on 0. 1 i,

I, lnldo'lfl(' rg'



FOG LOG (Cont.)

Avg. Min.
Date Location Fog Type Visibility

14 May '78 Off San Nicolas 0.12 km

Island

19 May '78 'u30 n mi SW of San ? 0.20 km
Nicolas Island

20 Nov '78 Stage 1, 12 n mi off ? 3.0 km
Panama City, Fla.

24 Nov '78 Stage I, 12 n mi off ? 4.5 kin

Panama City, Fla.

2 Dec '78 Stage I, 12 n mi off Cony er, erice 1.U km
Panama City, Fla.

3 Dec '78 Stage 1, 12 n mii off 4.7 km
Panama City, Fla,

8 Dec '78 Stage 1, 12 n mi off 0.7 km

Panama City, Fla.

9-10 Dec '78 Stage 1, 12 n mi off Sea Smoke u.5 km
Panama City, Fla.

Foes ubseryved onl 'hore ;t V:mndenherg AF; wider i, ir lorec Contract

11-12 Jill '-2 dml trrr er \f , (3, -trtris I .o er i' !.2/ 0 ll
1 .() Ii 1ill I i i I rI d

12-13 ul ' 2 .... U .23 '1<:

1 3 - ,I fit] ' - 2 ... 2 K1,,

11 - I F Ill '-2 ... 0 .25 k::i

1 - 1, l ' U Jill. U) fm?

2 1-2- , i '- . K ; l

2.S h 1l '.'. ir 23 V:

2 - 29 .IjJ '72 f2ri.

2 9- 0 fiti ' 72 11.i 25 kim

1 -31 ,r 2l '-. "H .n hi
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AD-A097 338 CALSPAN ADVANCED TECHNOLOGY CENTER BUFFALO NY FIG 4/2

AN INVESTIGATION OF MARINE FOG FORECAST CONCEPTS 
'
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